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Abstract
Studies have indicated that exon and intron size and intergenic distance are correlated with gene expression
levels and expression breadth. Previous reports on these correlations in plants and animals have been
conflicting. In this study, next-generation sequence data, which has been shown to be more sensitive than
previous expression profiling technologies, were generated and analyzed from 14 tissues. Our results revealed
a novel dichotomy. At the low expression level, an increase in expression breadth correlated with an increase in
transcript size because of an increase in the number of exons and introns. No significant changes in intron or
exon sizes were noted. Conversely, genes expressed at the intermediate to high expression levels displayed a
decrease in transcript size as their expression breadth increased. This was due to smaller exons, with no
significant change in the number of exons. Taking advantage of the known gene space of soybean, we
evaluated the positioning of genes and found significant clustering of similarly expressed genes. Identifying
the correlations between the physical parameters of individual genes could lead to uncovering the role of
regulation owing to nucleotide composition, which might have potential impacts in discerning the role of the
noncoding regions.
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Abstract: Studies have indicated that exon and intron size and intergenic distance are correlated with gene expression lev-
els and expression breadth. Previous reports on these correlations in plants and animals have been conflicting. In this
study, next-generation sequence data, which has been shown to be more sensitive than previous expression profiling tech-
nologies, were generated and analyzed from 14 tissues. Our results revealed a novel dichotomy. At the low expression
level, an increase in expression breadth correlated with an increase in transcript size because of an increase in the number
of exons and introns. No significant changes in intron or exon sizes were noted. Conversely, genes expressed at the inter-
mediate to high expression levels displayed a decrease in transcript size as their expression breadth increased. This was
due to smaller exons, with no significant change in the number of exons. Taking advantage of the known gene space of
soybean, we evaluated the positioning of genes and found significant clustering of similarly expressed genes. Identifying
the correlations between the physical parameters of individual genes could lead to uncovering the role of regulation owing
to nucleotide composition, which might have potential impacts in discerning the role of the noncoding regions.
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Re´sume´ : Des e´tudes ont montre´ que la taille des introns et des exons ainsi que la distance interge´nique seraient corre´le´es
avec le niveau et l’e´tendue de l’expression ge´nique. Les e´tudes ante´rieures sur ce sujet chez les plantes et les animaux se
sont ave´re´es contradictoires. Dans cette e´tude, des donne´es de se´quence de seconde ge´ne´ration, lesquelles fournissent des
donne´es transcriptomiques plus sensibles que celles obtenues a` l’aide des techniques ante´rieures, ont e´te´ produites et analy-
se´es chez 14 tissus. Les re´sultats des auteurs re´ve`lent une nouvelle dichotomie. Chez les ge`nes faiblement exprime´s, un ac-
croissement de l’e´tendue de l’expression e´tait corre´le´ avec un accroissement de la taille des transcrits attribuable a` une
augmentation du nombre d’exons et d’introns. Aucun changement quant a` la taille des introns ou des exons n’a e´te´ note´.
Inversement, les ge`nes exprime´s de manie`re interme´diaire ou forte pre´sentaient des transcrits dont la taille diminuait au fur
et a` mesure que s’accroissait l’e´tendue de leur expression. Cette re´duction e´tait due a` une re´duction de la taille des exons,
sans qu’il y ait eu re´duction du nombre de ceux-ci. En tirant avantage de la connaissance de l’espace ge´nique chez le
soya, les auteurs ont examine´ le positionnement des ge`nes et ont observe´ un groupement significatif des ge`nes qui pre´sen-
tent un niveau d’expression semblable. L’identification de corre´lations entre les parame`tres physiques de ge`nes individuels
pourrait permettre de mieux comprendre la re´gulation ge´nique de´coulant de la composition nucle´otidique, laquelle pourrait
aider a` discerner le roˆle des re´gions non-codantes.
Mots-cle´s : niveau d’expression, e´tendue de l’expression, se´quenc¸age de seconde ge´ne´ration, groupement physique.
[Traduit par la Re´daction]
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Introduction
The uniqueness of living organisms is dependent not only
upon the suite of genic material available to them but also
upon the subtleties of gene expression patterns. Some genes
have a narrow breadth of expression and are expressed in
only a single tissue, while other genes are more broadly ex-
pressed in many tissues. Some genes produce very little
transcript while others are veritable gushers of message.
The underlying mechanisms controlling these differences in
expression patterns are often attributed to regulatory factors
at the genic level. However, the control of gene expression
may also have components related to gene structure or ge-
nomic context.
Previous studies have revealed striking differences in the
structural properties of genes with a narrow expression
breadth vis-a`-vis in comparison with genes with a broad ex-
pression breadth. Differences in gene structure were also ob-
served between genes with high and low levels of
expression. In humans, high expression level correlates with
smaller protein product, less intronic DNA, and greater co-
don and amino acid biases (Urrutia and Hurst 2003). A neg-
ative relationship between expression level and protein
length was also found in Saccharomyces cerevisiae
(Coghlan and Wolfe 2000). In addition to increased levels
of expression correlating with a decreased protein size, a
negative relationship between expression breadth and protein
and intron length also was identified in humans (Vinogradov
2004). In mouse and rat, as expression breadth increases, the
intron size and intergenic region lengths also decrease (Poz-
zoli et al. 2007). Three hypotheses have been proposed to
explain these relationships: natural selection for economy,
mutational bias, and genome complexity (Vinogradov 2006).
The ‘‘natural selection for economy’’ argument suggests
that highly expressed genes are smaller as a result of se-
lected deletions. The implication of this hypothesis is that
genes highly expressed will be less ‘‘costly’’ if minimized
in size (Eisenberg and Levanon 2003). The ‘‘mutational
bias’’ hypothesis also contends that intron length of highly
expressed genes decrease as expression levels increase. It is
proposed that this negative relationship is caused by regional
transcription-associated deletion. In Drosophila, an increase
in intron length was correlated with a decrease in GC con-
tent but was not correlated with a change in the number of
functional elements of the coding regions. This evidence
supports mutational bias rather than natural selection for
economy (Haddrill et al. 2008).
The ‘‘genome complexity’’ hypothesis maintains that the
size variation of genic and intergenic regions is based upon
the intricacy of the gene where those with more complex
structures require more regulatory elements for nucleosome
formation. In mouse and rat, for example, more chromatin-
regulated suppression (large intergenic regions) is required
for genes expressed in just one tissue, whereas the more
ubiquitous genes are smaller and are located in more com-
pact regions (Chen et al. 2005). As a consequence, as a
gene’s complexity increases, it’s intron length, coding, and
intergenic regions would be predicted to increase.
When these hypotheses were tested in plants, contradic-
tory results were found for both Arabidopsis and rice. Genes
expressed at a high level were found to have more and lon-
ger introns and a longer primary transcript than those genes
expressed at a lower level (Ren et al. 2006). In a different
study, genes expressed in the male gametophyte in Arabi-
dopsis at high levels were found to have less intron density
than genes expressed exclusively in the sporophyte at lower
levels. This observation indicates support for the natural se-
lection for economy hypothesis of gene evolution (Seoighe
et al. 2005). In another study, Arabidopsis genes with a
broad expression breadth were found to have larger tran-
scripts than those with a smaller breadth of expression,
while genes with a high expression level were found to
have smaller transcripts than those with a lower expression
level (Camiolo et al. 2009).
In many of these reports, either expression level or ex-
pression breadth was studied independently. In an attempt
to resolve these inconsistencies and to determine which of
the contrasting patterns are evident in the soybean genome,
we combined both factors and looked at expression intensity
in conjunction with expression breadth. Our results revealed
an intriguing pattern of genic and genomic physical parame-
ters associated with expression intensity and expression
breadth.
Materials and methods
RNA extraction, isolation, and purification
Soybean seeds (experimental line LD0–15146) were
grown in conditions that mimicked Illinois field growing
conditions as specified in Severin et al. (2010).
Briefly, tissue samples were taken from a minimum of
three plants for each extraction and harvested at approxi-
mately 1400 h. Tissue samples were collected from 14 tis-
sues: root, nodule, flower, young leaf, one cm pod, seven
stages of seed development, and two stages of pod-shell de-
velopment. The stages in seed development include 10 days
after flowering (DAF), 14 DAF, 21 DAF, 25 DAF, 28 DAF,
and 42 DAF. The stages of pod-shell development include
10 DAF and 14 DAF. Root tissue was harvested after
12 days and nodules were harvested 20–25 days after inocu-
lation. Standard RNA isolation and purification was per-
formed according to Severin et al. (2010). Samples were
ground by mortar and pestle with liquid nitrogen and the
RNA isolation was done using a modified TRIzol (Invi-
trogen, Carlsbad, California, USA) protocol. A digest with
on-column RNase-free DNase (QIAGEN, Valencia, Califor-
nia, USA) was used to remove the DNA. The RNA was pu-
rified and contentrated using a RNeasy column (QIAGEN).
Next generation Solexa sequencing of the RNA samples
was performed at the National Center for Genome Resour-
ces (Santa Fe, New Mexico, USA). The Solexa software
was used to analyze the 36 bp short-reads for image analy-
sis, base-calling, quality filtering, and per base confidence
scores. Sequences were aligned with GSNAP (Wu and
Nacu 2010) using the default settings against the 8 soy-
bean genome sequence assembly. The short read alignments
were filtered for alignment with no more than two mis-
matches or one indel. The uniquely mapped reads that
passed our filtering criteria were normalized using the reads
per kilobase per million method (Mortazavi et al. 2008; Na-
galakshmi et al. 2008) where the length corresponded to
length of the cDNA for the longest splice variant for a par-
Woody et al. 11
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ticular gene model. A summary of the short read alignments
can be found in Table S1.2
Structural parameters of genes
To obtain our genomic data, we used the version of the
soybean genome available from SoyBase.org [accessed 25
August 2009]. The splice variants and gene models were as
reported by Schmutz et al. (2010). For gene models with al-
ternative splicing variants, we used the variant with the lon-
gest mRNA. To determine the intergenic region, we counted
the distance between the end of the 3’ region to the begin-
ning of the next 5’ region. Given two overlapping genes, we
counted the intergenic region to the left for gene A. If gene
B overlapped and extended beyond gene A then the inter-
genic region to the right would be counted and annotated to
gene B but not to gene A. If gene B was encompassed
within gene A, we counted the intergenic region around
gene A and annotated the distance to gene A and no inter-
genic region was counted for gene B.
To ensure that a tissue bias did not skew our results, we
also ran the same analyses with data from Libault et al.
(2010), a study independent from ours. We used their nor-
mal ized data found at ht tp: / /digbio.missouri .edu/
soybean_atlas. All correlation analyses described in our
study were also conducted on the Libault et al. dataset.
Their tissues included root hairs isolated 12, 24, and 48 h
after inoculation and mock inoculation and a sample of
stripped roots from 3-day old seedlings. Other tissues in-
cluded apical meristem, flower, green pods, leaves, nodules,
root, and root tip.
Gene expression
After normalization, we removed genes that did not have
a total transcript count of at least two. For our analysis,
43 353 gene models out of the 66 210 total gene models
were considered expressed. The relationship between the
various structural parameters and expression breadth and ex-
pression intensity were quantified using a Pearson’s para-
metric correlation (r).
Expression level was categorized as low (transcript count
of at least two and no more than nine in a specific tissue),
intermediate (transcript count between ten and forty-nine),
or high (transcript count of fifty or greater). The number of
genes in each expression group at each level of expression
breadth is included for both the Severin et al. (2010) analy-
sis (Table S2) and the Libault et al. (2010) analysis (Table
S3). Also included is the percent of pericentromeric genes
in each group. Pericentromeric and euchromatic regions
were determined by the coordinates found at SoyBase.org.
If a coordinate was found in the middle of the gene, the
gene was counted as a pericentromeric gene. All correlation
analyses done specifically on pericentromeric or euchro-
matic genes were done as described for the Severin et al. da-
taset.
GC content
The data for the GC content and exon lengths were ac-
quired from the Glyma1.gff file on Soybase (SoyBase.org)
documented as the ‘‘gene models’’ track (Glyma 1.01 ge-
nome assembly). We analyzed the first, internal, and last
exons separately. If exon length is different because of AT-
biased mutations leading to a gain of stop codons and thus a
shortening of the transcript, then a significant difference in
GC content of those longer transcripts should be primarily
found in the last exon (Xia et al. 2003). The average percent
GC content was used for genes with multiple internal exons.
To ensure that genes with no introns were not significantly
biasing our data, we analyzed intronless genes separately.
Taking out the intronless genes did not significantly affect
the results. However, genes without introns were quite dif-
ferent than genes with introns and are included in the re-
sults. The Mann–Whitney U two-sample rank-sum test
(Mann and Whitney 1947) was performed on individual cat-
egories. We used the exact procedure because the asymp-
totic variant increases the probability of a type I error
(Neuha¨user 2005). The expression categories had various
sizes with varying distributions, but the nonparametric
Mann–Whitney U test will account for both factors and will
generate a robust measurement provided there are sufficient
sample sizes. Our sample sizes were consistent with the rec-
ommended size as noted by Siegel and Castellan (1988).
Physical clustering
The recently completed whole-genome sequence of soy-
bean (Schmutz et al. 2010) allowed us to develop statistical
parameters by modeling a random distribution of the number
of genes in each of our categories by taking into account the
actual distribution of the gene models in the genome. We
then determined the actual position of each of the genes in
our categories.
If the number of genes actually located in our designated
bins exceeded the simulated data by three standard devia-
tions, we considered the genes to be clustered. With this
method, only gene models were used in the simulation.
Clustering along the soybean genome was determined by an
in-house script (Table S4) that was written in the program-
ming language R (R Development Core Team 2005). The
approximated pericentromeric and centromeric regions were
based on positions found at SoyBase.org. This clustering al-
gorithm, by using gene models, accounted for variations in
gene density.
Results
To capture genomic structural parameter differences asso-
ciated with patterns of gene expression, we first allocated
expressed genes into low, intermediate, or high expression
intensity categories. The genes were further categorized
based upon expression breadth, where the latter was the
number of tissues in which they were considered expressed,
from 1 to 14.
Genic and intergenic physical parameters
The total exon length (sum of the length of all exons in
the gene) and the total intron length (the sum of the length
of all introns in the gene) significantly increased across
breadth of expression for genes in the low expression group
(nine transcripts or less) (r = 0.95, P <0.01; Fig. 1A and
2 Supplementary data for this article are available on the journal Web site genome.nrc.ca.
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r = 0.93, P <0.01; Fig. 1B, respectively). Inversely, total
exon and total intron length (r = –0.88, P <0.01; Fig. 1A
and r = –0.78, P <0.01; Fig. 1B, respectively) decreased
across expression breadth in genes that were highly ex-
pressed (fifty transcripts and over). Those genes in the in-
termediate expression group (ten to forty-nine transcripts)
showed no correlation between total exon length or total
intron length and expression breadth (r = –0.41, P <0.05;
Fig. 1A and r = –0.36, P <0.05; Fig. 1B, respectively).
A previous study reported that highly expressed genes ex-
perience selective pressure for smaller transcripts (selection
for economy hypothesis) (Li et al. 2007). Our data only par-
tially supports that conclusion. We found that, for highly ex-
pressed genes, the total exon length and average exon length
significantly decreased as the number of tissues in which ex-
pression was detected became greater (r = –0.88, P <0.01;
Fig. 1A and r = –0.71, P <0.01; Fig. 1C, respectively).
Thus, our data only partially support the hypothesis as it
was true only when the genes were expressed in multiple
tissues, but the hypothesis did not hold true for tissue-spe-
cific genes. Interestingly, genes with a low expression level
showed a significant increase in the total exon length and
the average number of exons per gene (r = 0.95, P <0.05;
Fig. 1A and r = 0.95, P <0.05; Fig. 1D, respectively) as
they were expressed in more tissues. Genes expressed at the
intermediate expression level showed no significant change
in their total exon length, average exon length, or average
number of exons across expression breadth (Figs. 1A, 1C,
and 1D).
These results present several interesting observations. The
increase in total exon length and total intron length across
expression breadth for genes with low expression levels ap-
pears to simply be due to an increase in the number of exons
and introns per gene, respectively (Figs. 1A, 1B, and 1D).
On the other hand, because no change in the average num-
ber of exons is noted for genes expressed at high levels, the
decrease in total exon length across expression breadth ap-
pears to result from an actual decrease in the size of the in-
dividual exons (Fig. 1C). Thus, highly expressed genes have
smaller transcripts only when they are constitutively or near-
constitutively expressed, whereas genes with low levels of
expression have smaller transcripts when they are tissue-
specific or near-tissue-specific, but have vastly larger tran-
scripts as they are constitutively or nearly constitutively
expressed.
The mean distance between intermediately and highly ex-
pressed genes decreased significantly as those genes became
more broadly expressed in all tissues (r = –0.81, P <0.01
and r = –0.71, P <0.01, respectively, Fig. 1E). But genes
with low levels of expression showed no significant change
in intergenic length across expression breadth (Fig. 1E). In-
tergenic distances were not detectably different among ex-
pression categories when the genes were tissue or near-
tissue-specific (data not shown). Thus, distance between
genes is only significantly different for intermediate and
highly expressed genes, and only when they are broadly ex-
pressed.
To avoid possible tissue bias, we repeated the same anal-
ysis with next-generation sequencing data generated by Li-
bault et al. (2010) from 14 separate samples taken from
flower, pods, leaves, nodules, root tip, root, root hair, and
apical meristem. Although significance values varied
slightly, we found consistent results with the Libault et al.
(2010) data with variation only in the intermediate expres-
sion range. For genes expressed at the low level, an increase
in expression breadth correlated with an increase in total
exon length (r = 0.73, P <0.01; Figure S1A)2 and total in-
tron length (r = 0.96, P <0.001; Figure S1B). Highly ex-
pressed genes decreased in total exon length (r = –0.84,
P <0.001; Figure S1A) and total intron length (r = –0.78,
P <0.001; Figure S1B) as the expression breadth increased.
At the low expression level, the number of exons positively
correlated with expression breadth (r = 0.89, P <0.001;
Figure S1C) while at the high expression level the number
of exons negatively correlated with expression breadth
(r = –0.90, P <0.001; Figure S1C) similar to that found in
our analysis. For all expression levels, the average exon
size significantly decreased in the Libault et al. samples:
low expression (r = –0.81, P <0.001; Figure S1D), inter-
mediate expression (r = –0.57, P <0.05; Figure S1D), and
high expression (r = –0.57, P <0.05; Figure S1D). A sig-
nificant decrease in intergenic length was only apparent at
the highest expression level (r = 0.56, P <0.05; Figure
S1E).
It is known that the pericentromeric regions of chromo-
somes have reduced recombination rates. Soybean is unusual
in that it has extremely large pericentromeric regions
(Schmutz et al. 2010) and to eliminate bias from this region,
we performed the same analyses using genes from only the
euchromatic region and then from only the pericentromeric
region. Interestingly, when the genes in the euchromatic re-
gion were analyzed alone, the correlations between expres-
sion characteristics and genic parameters in the two data
sets were remarkably similar (Table 1) and were consistent
with our previous results. Fewer significant correlations
were found in genes within the pericentromeric regions
(Table S5).
GC content
To determine if differences in GC content were associated
with patterns of gene expression, we divided all expressed
genes into a set of 2  2 factorial categories. The four cate-
gories included (i) genes that had low expression levels (one
to nine transcripts) and also were narrowly expressed (one
tissue only), (ii) genes that had low expression levels and
also were broadly expressed (expressed in all 14 tissues),
(iii) genes that had high expression levels (fifty or more
transcripts) and also were narrowly expressed, and (iv) genes
that had high expression levels and also were broadly ex-
pressed . We made comparisons in all directions. When con-
sidering GC content we examined the first exon in a gene,
the average GC content of all internal exons, and the GC
content of the last exon in a gene. We also considered the
average GC content of all genes in each category with no
introns independently (Figs. 2A, 2B, 2C, and 2D).
With a single exception, broadly expressed genes had a
significantly higher GC content in all exons (start, middle,
and end) than did narrowly expressed genes (Figs. 2A, 2B,
and 2C). The one exception, genes with low expression
(nine or fewer transcripts), for which the average GC con-
tent of all middle exons was significantly greater for nar-
rowly expressed genes than for broadly expressed genes. In
Woody et al. 13
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Fig. 1. Correlation between expression breadth and (A) total exon length, (B) total intron length, (C) average exon length (of each indivi-
dual exon per gene), (D) average number of exons per gene, and (E) total intergenic length at three different expression levels (nine and
under, ten to forty-nine, fifty and over). The mean is shown for each level of tissue specificity in each expression category.
14 Genome Vol. 54, 2011
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all comparisons GC content of exons of highly expressed
genes were greater than that of genes with low expression.
This was observed regardless of whether genes were broadly
expressed or narrowly expressed. The same pattern was seen
in GC content of genes with no introns; broadly expressed
genes had a higher GC content than narrowly expressed
genes, and highly expressed genes had a higher GC content
than genes with low expression (Fig. 2D).
Physical clustering
To examine whether genes exhibiting unique patterns of
expression were physically clustered along the genome, we
again considered the four categories described above. We
established our statistical parameters by a modeling process
that randomly placed the number of genes in each of our
categories into annotated gene models as they were distrib-
uted across the genome. This enabled us to take into account
Table 1. Correlations between expression breadth and physical parameters for genes in the euchromatic regions for both Se-
verin et al. (2010) and Libault et al. (2010).
Low expressiona Intermediate expressionb High expressionc
Total exon length 0.74**d 0.98*** –0.86***
0.74**e 0.98*** –0.80***
Total intron length 0.95*** 0.94*** –0.79**
0.96*** 0.94*** –0.90***
Number of exons 0.91*** 0.96*** –0.64*
0.91*** 0.96*** –0.84***
Average exon length –0.80*** –0.54* –0.83***
–0.80*** –0.54* –0.53*
Length of intergenic region –0.85*** –0.71** –0.77***
–0.85*** –0.71** –0.6*
aGenes expressed with a transcript count of nine or under.
bGenes expressed with a transcript count of ten to forty-nine.
cGenes expressed with a transcript count of fifty or over.
dCorrelations for Severin et al. (2010).
eCorrelations for Libault et al. (2010).
Fig. 2. Change in percent gc content across expression level and breadth categories for the (A) first exon, (B) internal exons, (C) last exons,
and (D) no introns. The significance levels are shown between comparisons.
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differences in gene density within the genome. We con-
ducted 1000 iterations of this process and then evaluated
the results from genomic bins of 100 Kb. We then deter-
mined the actual positions of each of the genes in our cate-
gories. If the number of genes located in our designated bins
exceeded the simulated data by three standard deviations,
we considered the genes to be clustered.
More clusters of tissue-specific narrowly expressed genes
were found than constitutively broadly expressed genes re-
gardless of expression level (high or low) (Table S4). Ap-
proximately two-times the percentage of the total number of
tissue-specific, broadly expressed genes expressed at hi lev-
els were found in clusters than in any other category (13.4%
vs. 5.8% – 6.4%). On the other hand, broadly expressed
genes expressed at low levels had more genes per cluster in
the pericentromeric region than any other category (4.5 vs.
2 – 2.9) (Table 2). Approximately a quarter of the clustered
genes in each category were found in pericentromeric re-
gions (24% – 29%).
Very few (eight) genes that were expressed in all 14 tis-
sues and also expressed at high levels were clustered. How-
ever, the total number of genes in this category was low and
the number of clustered genes was proportional to the total
number for the other categories. The physical distribution of
clusters of genes across all 20 chromosomes in 100 kb bins
is depicted in Figure S2. A numerical representation of this
distribution is shown in Table S4.
Discussion
The soybean genome has been largely unexamined with
regard to relationships of gene expression profiles to gene
structural parameters. Our goal was to identify possible as-
sociations between transcriptional expression of genes and
physical parameters of the genes and their environs. We
used a whole-genome RNA-Seq analysis of soybean tissues
sampled during a progression of seed developmental time
points and various tissues. We found unique patterns relative
to changes in physical parameters of genes with regard to
expression breadth and expression intensity. At high levels
of expression, introns and exons were smaller as genes were
expressed across a larger number of tissues. However, this
relationship was reversed in genes expressed at a low level.
At low levels of expression, introns and exons were larger
as genes were expressed in a larger number of tissues. In
the intermediate to high expression intensity ranges, inter-
genic regions were smaller when expression breadth was ex-
amined on a narrow basis.
Our results provide evidence that could support previous
seemingly contradictory findings. In an Arabidopsis and
rice study, sequence expansion was correlated with an in-
crease in expression intensity (Ren et al. 2006) whereas con-
versely, in humans an increase in expression intensity was
correlated with sequence contraction (Urrutia and Hurst
2003). In another Arabidopsis study, sequence contraction
was correlated with an increase in expression intensity,
whereas sequence expansion was correlated with an increase
in expression breadth (Camiolo et al. 2009). The question
then is how does one interconnect these contradictory find-
ings in a meaningful manner? The answer seems to lie in a
joint consideration of both intensity and breadth of gene ex-
pression. Our findings show that the total length of the
exons or introns within the gene ‘‘increases’’ as expression
breadth increases at low expression intensities, but at high
intensities of expression, the relationship flips, such that to-
tal intron and exon length of the gene ‘‘decreases’’ as ex-
pression breadth increases. This ‘‘flip’’ is also evident in the
average number of exons observed across expression
breadth.
Alternative splicing may explain the different characteris-
tics of genes at low levels of expression. Camiolo et al.
(2009) proposed that exon–exon junction complexes, when
placed on mRNA during splicing, imposed a post transcrip-
tional effect which then promoted an increase in the size of
the transcript and the efficiency of translation (Le Hir and
Seraphin 2008). Alternative splicing can yield isoforms that
are broken down by non-sense mediated decay or other such
mechanisms, which subsequently decrease the transcript
count (Hillman et al. 2004). In our study, genes that fit into
the lowest expression groups were found to have several
other common features of polytypic genes. In humans, poly-
typic genes were found to have more exons and larger tran-
scripts when expressed at a lower level (Wegmann et al.
2008). In agreement with that study, our study showed that
genes expressed at a low level in more tissues were found to
have more exons and larger transcripts than any of the other
expression categories. It is possible that those genes ex-
pressed at a low level are less inclined to be pressured by a
selection for economy and are instead influenced by the de-
mands of being polytypic.
Table 2. Physical clustering of genes in four expression categories.
Narrow/Loa Broad/Lob Narrow/Hic Broad/Hid
Number of genes clustered 345 367 262 8
Number of genes clustered/pericentromerice 87 59 59 2
Percent of genes in pericentromeric 29 26 24 25
Average number of genes in each cluster 2.4 2.5 2.2 2
Average number of genes in each cluster/pericentromericf 2.9 4.5 2.4 2
Percentage of total genes that are in a cluster 5.8 6.0 13.4 6.4
aNumber of genes expressed in one tissue with a transcript count of nine or under.
bNumber of genes expressed in fourteen tissues with a transcript count of nine or under.
cNumber of genes expressed in one tissue with a transcript count of fifty or over.
dNumber of genes expressed in fourteen tissues with a transcript count of fifty or over.
eNumber of genes clustered in the approximated pericentromeric region.
fAverage number of genes in a cluster in the approximated pericentromeric region.
16 Genome Vol. 54, 2011
Published by NRC Research Press
G
en
om
e 
D
ow
nl
oa
de
d 
fro
m
 w
w
w
.n
rc
re
se
ar
ch
pr
es
s.c
om
 b
y 
IO
W
A
ST
A
TE
BF
 o
n 
05
/1
1/
16
Fo
r p
er
so
na
l u
se
 o
nl
y.
 
Alternatively, at high levels of expression, it may be that
codon usage bias is affecting the physical properties of the
genes. GC content and codon bias in Physcomitrella patens
were found to be highly correlated (Stenøien 2007). In an-
other study, 13 species had a correlation between GC con-
tent and many of the physical properties of the genes (Zhu
et al. 2009). In our study, genes with a higher expression in-
tensity and a larger expression breadth had the largest GC
content (Figs. 2A, 2B, 2C, and 2D). Seoighe et al. (2005)
found that Arabidopsis genes with high expression levels
also had a higher GC content, which is consistent with our
results. In rice, there was a stronger selective constraint on
codon usage in highly expressed housekeeping genes com-
pared to highly expressed tissue-specific genes determined
by a lower synonymous substitution rate (Mukhopadhyay et
al. 2008). In the same study, weakly expressed genes did not
show a significant difference in synonymous substitution
rate across expression breadth suggesting that a codon usage
bias is not a likely cause of structural differences in the
genes expressed at a low level. In our study, GC content in-
creased across breadth at all expression levels, but the rate
of increase was much higher in those genes expressed at a
high level. The increase in GC content across expression
breadth at a high expression level was approximately three
times greater than the increase in GC content across expres-
sion breadth in those genes expressed at the low level. The
increase in the percentage of GC content across expression
level in broadly expressed genes was more than two times
greater than the increase across expression level in narrowly
expressed genes. At high intensities of expression, a de-
crease in the length of exons and introns rather than in the
number of exons and introns was apparent, also suggesting
a codon usage bias, which was similar to that found in
Gramineae genes (Guo et al. 2007). As the hypothesis for
selection for economy suggests, genes with large transcrip-
tional demands are prone to selection for miniaturization
(Li et al. 2007) and codon usage bias might be the means
by which the genome achieves this. Meanwhile, genes ex-
pressed at a low level are not as transcriptionally demand-
ing, even when expressed in all tissues, making selection
for the miniaturization in these genes economically irrele-
vant. Thus, as high percentage of GC content is positively
correlated with high levels of expression in many tissues it
could be suggested that a relationship occurs between ex-
pression characteristics and codon usage bias.
The bendability of the DNA and B-Z transitions, both of
which promote open chromatin and active transcription, in-
creases in GC-rich areas of the genome. Therefore, those
genes with a higher GC content are more likely to be heav-
ily transcribed (Vinogradov 2003). The GC content in con-
junction with the intronic and intergenic sequences could be
manipulated by epigenetic factors in an effort to perfect
chromatin-mediated suppression of tissue-specific genes and
regulation of expression level (Vinogradov 2004). If the
physical properties of genes are based upon the genomic
complexity hypothesis highly and broadly expressed genes
should be located in regions of open chromatin at a higher
frequency than those not so expressed (Vinogradov 2003).
Conversely, genes that are less intensively and narrowly
expressed would be expected to be found in the condensed
chromatin regions. In this study, we found that genes ex-
pressed at the low intensities with a narrow expression
breadth had a larger number of genes in clusters in the ap-
proximated pericentromeric regions: regions with more com-
pact chromatin than genes expressed at high levels with a
narrow expression breadth. Also, genes expressed at the low
intensities with a broad expression breadth had more genes
in clusters in the approximated pericentromeric regions than
genes expressed at high intensities with a broad expression
breadth. We found that genes expressed at the highest ex-
pression level in only one tissue had twice the percentage
of genes in clusters than any other expression group. Identi-
fying the correlations between the physical parameters of the
individual genes, the possible role of regulation owing to
nucleotide composition, and the regulatory effects of chro-
matin structure could have potential impacts in identifying
the role of the noncoding regions. In this study, we found
significant clustering and regions with multiple clusters of
the same expression category that indicates possible cluster-
ing domains.
The differences in the physical parameters of genes within
euchromatic regions compared with genes within pericentro-
meric regions, as related to expression variables suggest that
the lack of recombination or chromatin structure has a
strong effect on the mechanisms giving rise to the character-
istics we observed in this study. As results of analyses of
both datasets were consistent in the euchromatic regions,
the implication is that a common mechanism is functioning
in these regions. It is possible that genes in the pericentro-
meric regions are under different evolutionary constraints.
It is apparent that the structural parameters of plant genes
are determined by more interacting forces than any single
hypothesis so far proposed. The effect of expression breadth
on genic size is dependent on the effect of expression inten-
sity. This study has provided evidence in support of both the
selection for economy and the genomic organization hypoth-
eses (Vinogradov 2004). Further analysis into the effects of
splicing events and codon usage bias could provide more in-
sight into additional fine-tuning of gene regulatory networks.
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